The efficient generation of striatal neurons from human embryonic stem cells (hESCs) and induced pluripotent stem cells (hiPSCs) is fundamental for realising their promise in disease modelling, pharmaceutical drug screening and cell therapy for Huntington's disease. GABAergic medium-sized spiny neurons (MSNs) are the principal projection neurons of the striatum and specifically degenerate in the early phase of Huntington's disease. Here we report that activin A induces lateral ganglionic eminence (LGE) characteristics in nascent neural progenitors derived from hESCs and hiPSCs in a sonic hedgehog-independent manner. Correct specification of striatal phenotype was further demonstrated by the induction of the striatal transcription factors CTIP2, GSX2 and FOXP2. Crucially, these human LGE progenitors readily differentiate into postmitotic neurons expressing the striatal projection neuron signature marker DARPP32, both in culture and following transplantation in the adult striatum in a rat model of Huntington's disease. Activin-induced neurons also exhibit appropriate striatal-like electrophysiology in vitro. Together, our findings demonstrate a novel route for efficient differentiation of GABAergic striatal MSNs from human pluripotent stem cells.
INTRODUCTION
The γ-amino butyric acid (GABA) medium-sized spiny neurons (MSNs) are the principal projection neurons of the striatum and are defined by their expression of the dopamine-and cAMP-regulated phosphoprotein (DARPP32; also known as PPP1R1B). It is these cells that specifically degenerate in the early phase of Huntington's disease (HD) (Lange et al., 1976; Reiner et al., 1988; Gerfen, 1992; Ouimet et al., 1984) . Unlike some other neurodegenerative diseases, such as Parkinson's disease, which can be effectively managed for years by dopamine-based pharmacotherapy, no effective diseasemodifying treatment is currently available for HD. Despite having identified the gene responsible for HD, the precise mechanism of the disease pathology remains to be fully elucidated, although significant progress has been made in recent years, implicating several mechanisms in the process.
Proof of principle has been provided that HD patient-derived human induced pluripotent stem cells (hiPSCs) can serve as a valuable resource to elucidate disease mechanisms in HD and as a platform for drug development (The HD iPSC Consortium, 2012) . However, future investigations will require methods that direct human embryonic stem cell (hESC)/hiPSC differentiation efficiently towards a striatal-specific neuronal phenotype to understand aspects of the disease such as the specific neurotoxicity of the mutant huntingtin (HTT) protein to MSNs. Moreover, intrastriatal transplantation of human fetus-derived ganglionic eminence (GE) cells has shown some functional benefit for HD patients (Rosser and Bachoud-Lévi, 2012) . Hence, MSNs derived from hiPSCs and/or hESCs promise hope for developing cell-based therapy for HD.
The striatal MSNs are derived from the dorsal domain of the ventral telencephalon in the region termed the lateral ganglionic eminence (LGE) (Olsson et al., 1998) , which lies ventral to the developing cortex and dorsolateral to the medial ganglionic eminence (MGE). The progenitor zone of the LGE gives rise to striatal projection neurons (the MSNs) and olfactory bulb interneurons, whereas the progenitor zone of the MGE produces cortical and striatal interneurons (Campbell, 2003; Marín and Rubenstein, 2003) . The cellular identity of LGE progenitors can be defined by the combinatorial expression of several transcription factors, including Gsx2, Dlx2, Ctip2, Nolz1, FoxP1 and FoxP2 (Arlotta et al., 2008; Takahashi et al., 2003; Chang et al., 2004; Urbán et al., 2010) . These molecules also serve as important intrinsic regulators controlling the fate specification of MSNs.
Molecular signalling is essential for the tightly regulated patterning of transcription factors that encode distinct neuronal subtypes during neural development. In the forebrain, temporally and spatially regulated expression of the signalling molecules sonic hedgehog (Shh) and members of the Wnt, FGF and TGFβ protein families act in concert to control dorsoventral and rostrocaudal fate specification (Harrison-Uy and Pleasure, 2012; Manning et al., 2006) . For instance, Shh induces and maintains expression of the homeobox gene Nkx2.1 in the MGE (Gulacsi and Anderson, 2006) , while β-catenin-mediated Wnt signals are required to maintain the dorsal telencephalic markers Emx1, Emx2 and Ngn2 (Backman et al., 2005) . By contrast, activation of the canonical Wnt signalling pathway in the subpallium leads to repression of ventral telencephalic determinants including Nkx2.1, Gsx2, Dlx2 and Mash1. By applying this developmental knowledge, researchers have employed a defined dose of Shh, or Shh together with pharmacological inhibition of Wnt signalling, to obtain LGE-like neural progenitors from hESCs (Aubry et al., 2008; Li et al., 2009; Ma et al., 2012; Carri et al., 2013) . However, genetic perturbation of the Shh-Gli pathway at the time of subpallial patterning in mouse models does not affect LGE induction and subsequent striatal MSN neurogenesis (Rallu et al., 2002; Xu et al., 2010; Machold et al., 2003) . It is therefore likely that the DARPP32 + neurons generated in Shh-treated cultures occur via an indirect signalling cascade of MGE fate induction, rather than by direct instruction of LGE fate.
Activin A (referred to hereafter as activin) is a multifunctional TGFβ family protein that has been shown to induce forebrain neurogenesis in a neuronal subtype-restricted manner (Sekiguchi et al., 2009; Abdipranoto-Cowley et al., 2009 ). Both activin receptors and the activated ( phosphorylated) activin effector protein Smad2 are expressed in the developing LGE that later forms the striatum (Maira et al., 2010; Feijen et al., 1994) , implicating a role for activin and/or TGFβ family proteins in striatal neuron differentiation. Using hESCs and hiPSCs as a model, we show that activin induces LGE characteristics in hESC/hiPSC-derived anterior neural progenitors. These LGE progenitors readily give rise to functional GABAergic neurons expressing DARPP32 in culture and are engraftable in a rodent model of HD (Ouimet et al., 1984) . Therefore, our study identifies activin as a molecule capable of specifying lateral forebrain identity, producing a significant population of mature DARPP32 + neurons from both hESC and hiPSC cultures. Furthermore, this novel protocol would provide a valuable tool for modelling HD, pharmacological trials and cellbased therapy for HD.
RESULTS

Activin induces an LGE-like progenitor fate
We have shown previously that activin can induce a caudal ganglionic eminence (CGE)-like fate from human and mouse pluripotent stem cell (PSC)-derived forebrain neural progenitors, leading to the production of calretinin (CR; calbindin 2) + cortical interneurons (Cambray et al., 2012) . The CGE shares a range of important molecular characteristics with the LGE and has been described as a caudal extension of the LGE (Flames et al., 2007) . Similar to neural induction in the developing embryo, PSC neural development follows an anterior first, posterior later temporal axis. We therefore postulated that a modification of the CGE induction protocol, by shifting the activin exposure time window forward and using an optimal dosage, would capture the most rostral telencephalic neural progenitors disposed to LGE specification.
Forebrain neural progenitors were generated using a simplified monolayer-based differentiation scheme that replaces KSR with N2B27 during neural induction and in the presence of BMP/Smad inhibitors LDN, dorsomorphin (referred to together as LD) and SB431542 ( Fig. 1A) (Cambray et al., 2012) . Under this condition, hESCs (H7, H1 and H9) and hiPSCs (2F8, 4FH) rapidly downregulated the expression of the pluripotent genes OCT4 (POU5F1) and NANOG and acquired neuroepithelial progenitor characteristics by day (d) 9-10 of monolayer differentiation (MD) (Cambray et al., 2012) . The forebrain neural progenitor identity was verified by expression of the forkhead transcription factor FOXG1, OTX2 and cell surface marker FORSE1 epitope (Fig. 1B,C) (Xuan et al., 1995; Elkabetz et al., 2008) . In the absence of exogenous factors, these forebrain progenitors comprise a mix of dorsal and ventral entities, as demonstrated by the co-existence of cells expressing cortical (DMRT5; also known as DMRTA2) and ventral forebrain (GSX2) transcription factors (Fig. 1B ,E,F) (Gennet et al., 2011) .
The LGE and its ventral neighbour the MGE can be distinguished by the differential combinatorial expression of transcription factors. Although both regions express GSX2, DLX2 and MASH1 (ASCL1), striatal neuron precursors in the LGE are characterised by their differential expression of CTIP2 (BCL11B), FOXP1, FOXP2, EBF1 and NOLZ1 (ZFP503), whereas cells of the MGE express NKX2.1 and LHX6/8 but not the above striatal genes (Arlotta et al., 2008; Takahashi et al., 2003; Chang et al., 2004; Urbán et al., 2010; Garel et al., 1999) . After a pilot assay that tested a range of activin doses (5-50 ng/ml) on selected striatal marker gene expression, we performed all subsequent experiments using 25 ng/ml activin.
Following a 9-day exposure to activin from day 9 (Fig. 1A) , we detected a pronounced increase of CTIP2 transcript (40-fold; Fig. 1D ). Increased RNA level was also detected for all other LGE/striatum-expressed transcription factors analysed (FOXP2, 7-fold; DLX2, 5-fold; GSX2, 3.8-fold; MASH1, 3.5-fold; NOLZ1, 2.3-fold; and EBF1, 1.5-fold). However, addition of a specific activin/Smad inhibitor, SB431543, completely blocked the regulation of these LGE/striatal transcripts by activin (Fig. 1D) , suggesting that the induction of the LGE/striatal characteristics requires SMAD2/3 pathway activation in this system. Furthermore, activin treatment resulted in a reduction of PAX6 transcripts, suggesting suppression of dorsal telencephalic characteristics, whereas no significant change was observed for the MGE transcripts NKX2.1 and EBF1 (Fig. 1D ). These data suggest that activin preferentially induces LGE/striatal characteristics in neurally induced hiPSCs.
To further demonstrate a preferential induction of LGE/striatal cellular phenotype by activin, we performed immunostaining for GSX2, DLX2, CTIP2 and FOXP2 ( Fig. 1E,F ; supplementary material Fig. S1 ). We consistently observed an increase in the number of GSX2 + cells in activin-treated cultures compared with controls. In the control cultures, few cells were immunoreactive to CTIP2, NOLZ1, FOXP2 or DLX2 (all <4%; Fig. 1E,F (Fig. 1E,F,H) . Moreover, addition of SB431542 suppressed the generation of CTIP2 + cells by activin (Fig. 1G ). The effect of activin can be readily replicated in independent hESC (H7) and hiPSC (4FH) lines (Fig. 1E,F) .
Activin could increase the number of striatal precursor cells by two possible mechanisms: by directly conferring a striatal phenotype on forebrain progenitors or by selectively promoting the proliferation of pre-patterned striatal progenitors. To distinguish between these possibilities, we performed an EdU-incorporation study on day 16 cultures treated with or without activin for 6 days. Cultures were exposed to the nucleotide analogue EdU for 1 h before being processed for chemical-based EdU staining. Consistent with our previous finding that activin has a pro-differentiation effect on forebrain neural progenitors, we found that activin treatment resulted in a reduction in the number of EdU + cells (supplementary material Fig. S2 ). Furthermore, the degree of reduction in EdU + cells in the GSX2 + ventral progenitor group is similar to that for the total cell population, indicating that activin did not preferentially affect the mitotic profile of the GSX2 + subpopulation. Our data therefore suggest that activin patterns the forebrain progenitors to acquire an LGE/striatal fate.
Differential activity of activin and Shh in regulating ventral forebrain characteristics
Shh is a secreted signalling molecule with a crucial role in the generation of ventral cell types along the entire rostrocaudal axis of the neural tube. Shh was first applied in an hESC differentiation protocol for generating DARPP32 + neurons (Aubry et al., 2008 ) and again recently with or without combinatorial inhibition of Wnt signalling (Ma et al., 2012; Carri et al., 2013; Nicoleau et al., 2013) . The effect of Shh on the generation of ventral forebrain cellular phenotypes might be due to the derepression of GLI3, which is a key factor that dorsalises hESC-derived neural progenitors (Li et al., 2009) . However, the above-mentioned ESC studies do not necessarily suggest a direct role for Shh in LGE/striatal fate specification. Furthermore, genetic study of Gli3 hypomorphic mutant mice, which exhibit elevated Shh signalling in the ventral forebrain, revealed aberrant patterning of the LGE exemplified by ectopic expression of MGE characteristics (Magnani et al., 2010) ; this study suggests that the primary target of Gli3 suppression is the MGE.
We investigated the ability of Shh to induce LGE/striatal characteristics and compared the effect with that of activin. We observed a dose-dependent increase of MGE-specific NKX2.1 transcripts in response to Shh (Zhao et al., 2003) , and a small increase in GSX2 and DLX2, which are expressed in both the MGE and LGE (supplementary material Fig. S3A ). LHX8, a transcription factor expressed specifically in immature MGE-derived interneurons, is also upregulated in response to Shh. However, transcripts preferentially expressed in the LGE, such as NOLZ1, FOXP2 and CTIP2, showed little or no graded response (supplementary material Fig. S3A ). This is in stark contrast to the effect of activin on these cells, which induced a dose-dependent increase in LGE and pan-GE transcripts, such as GSX2, DLX2, CTIP2 and FOXP2, with little impact on NKX2.1 ( Fig. 1D ; data not shown). These data are consistent with the findings obtained from mouse genetics studies and support the view that, although the MGE inductive property can be attributed to Shh, Shh does not have a specific role in LGE specification of hESC-derived forebrain progenitors.
We then investigated whether Shh could potentiate activinmediated LGE induction. We cultured d10 forebrain progenitors with activin, with and without increasing concentrations of Shh, and examined the expression of the pan-GE, LGE and MGE markers by qPCR 3 days later. Again, Shh treatment led to an upregulation of MGE marker genes NKX2.1 and LHX8 ( Fig. 2A) . However, the addition of Shh did not increase the transcript level of LGE and pan-GE markers (GSX2, DLX2, CTIP2 and NOLZ1) above the level achieved by activin alone ( Fig. 2A ; supplementary material Fig. S3B ). Immunostaining revealed a robust induction of NKX2.1 + cells in response to Shh (Fig. 2B ). These observations indicate that Shh does not enhance the activity of activin in the induction of LGE characteristics.
We then examined whether activin-induced LGE gene expression requires Shh signalling by blocking it with the naturally occurring Shh antagonist cyclopamine. At a concentration that blocks Shh-induced NKX2.1 induction (Fig. 2B ), cyclopamine alone did not affect CTIP2 or FOXP2 expression (Fig. 2C) . Moreover, cyclopamine did not affect activin-mediated upregulation of the LGE-enriched genes or the number of CTIP2 + cells induced by activin (Fig. 2D) . Together, our data indicate that activin induces LGE/striatal progenitor fate independently of Shh signalling. 
Efficient generation of DARPP32 + GABAergic neurons from activin-patterned neural precursors
To investigate whether the observed induction of striatal precursor characteristics translates to MSN production, we assessed a panel of subtype-specific late neuronal markers by qPCR and immunocytochemistry on day 36 cultures under the scheme outlined in Fig. 3A . qRT-PCR analysis revealed an increase in the transcript levels of several striatal MSN gene markers in activin-treated cultures compared with untreated controls (Fig. 3B) . DARPP32 is the most commonly used definitive marker for mature MSNs. We observed a 5-fold increase in the transcript level of DARPP32 (PPP1R1B) in cultures exposed to activin compared with untreated controls. ARPP21 (cAMPregulated phosphoprotein) and the calcium-binding protein calbindin (calbindin 1) are two further genes with enriched expression in the striatum. The RNA levels of both markers increased in activin-treated cultures. Additionally, we examined proenkephalin (PENK) and tachykinin 1 (TAC1; substance P). (Nikoletopoulou et al., 2007; Chen et al., 2009 ). The differential expression of these two peptides and dopamine D1 and D2 receptors (DRD1 and DRD2) divide the striatal neurons into two distinct groups with different connectivity (Uhl et al., 1988) . MSNs constituting the direct pathway express DRD1 and substance P, and project primarily to the pars reticulata of the substantia nigra. MSNs of the indirect pathway express DRD2 and enkephalin and send their primary projections to the globus pallidus. All these marker genes are upregulated in activin-treated cultures ( Fig. 3B ; data not shown). Moreover, activin stimulation resulted in an increase in the levels of GAD1, which encodes one of several forms of glutamic acid decarboxylase, an enzyme responsible for catalysing the production of GABA. By contrast, no change was observed for the glutamatergic neuron transcript vesicular glutamate transporter 1 (VGLUT1; also known as SLC17A7). It is noteworthy that the dopamine neuron associated transcript, tyrosine hydroxylase (TH), was significantly decreased in activin cultures (Fig. 3B ).
Immunocytochemical staining of activin-treated cultures supports the above transcript analysis (Fig. 3C-L) . Cells positively stained for DARPP32 were common in the culture wells ( Fig. 3C-E) . All DARPP32 + neurons expressed the neuronal markers MAP2 and NeuN (RBFOX3) (Fig. 3C) , demonstrating their neuronal identity. High-magnification images revealed that the DARPP32 + cells exhibit a branching, multipolar morphology, with numerous spines in neuronal processes (Fig. 3F,G) ; double immunostaining for DARPP32 and the post-synaptic density marker PSD95 (DLG4) showed abundant PSD95 along the neuronal processes, hinting at functionality of the cells (supplementary material Fig. S4 ). By contrast, DARPP32 staining was almost completely absent from control cultures. The striatal identity of these cells was further validated by co-expression of a second MSN marker, CTIP2, in all DARPP32 + cells (Fig. 3D-F) . Although not restricted to the striatum, calbindin is expressed by MSNs outside the striatal patches. We found that a proportion of the CTIP2 + cells co-express calbindin and that all CTIP2 + cells stained positively for GAD65/67 (GAD2/1) (Fig. 3H,I ). Thus, the molecular characteristics of activininduced DARPP32 + cells fit the essential profile of GABAergic striatal projection neurons.
Importantly, the inductive activity of activin on DARPP32 + neurons was observed in all five PSC lines tested (H1, H7 and H9 hESCs, 2F8 and 4FH hiPSCs) and independent experimental settings. In all cases, there were fewer than 1% DARPP32 + cells in basal culture conditions, whereas 20-50% DARPP32 + neurons were obtained in activin-treated cultures depending on the PSC lines (Fig. 3J) . In addition to DARPP32 + cells, 6±1.2% CR + neurons were found in cultures exposed to activin from d9 (Fig. 3K) . However, the production of DARPP32 + cells reduced to only 10% when activin was added from d19, in contrast to 50.8±9.1% CR + neurons under the same conditions ( Fig. 3L) (Cambray et al., 2012) . Moreover, we found a small proportion of TBR1 + cells and even smaller numbers of somatostatin (SST) + neurons in activin-treated cultures (Fig. 3K) . We did not detect parvalbumin + interneurons and dopaminergic cells in either the control or activin-treated cultures.
Together, our data demonstrate that activin primes an LGE/ striatal regional fate during neuralisation of hPSCs, which leads to the efficient generation of GABAergic neurons with MSN characteristics.
Rapid induction and maintenance of CTIP2 by activin
To begin to elucidate how activin-induced LGE/striatal fate may be mediated, we performed 12 h and 24 h short-term activin treatment on d9 forebrain progenitors and examined the regulation of LGE/striatal regulator gene markers by qPCR (Fig. 4A ). An increase of CTIP2 (8-fold), GSX2 (2.5-fold) and DLX2 (2.3-fold) was already evident at 12 h post-stimulation. Interestingly, the CTIP2 transcript level increased further at 24 h, leading to a greater difference (12-fold) between activin-treated and untreated control cultures. In addition, FOXP2 and NOLZ1 transcript levels were moderately increased (2.4-fold and 1.4-fold, respectively) 24 h after activin treatment, whereas no change was observed for MASH1 at either 12 or 24 h. These temporal gene expression analyses point to a potential direct regulatory activity of activin on CTIP2, a transcription factor known to be required for striatal projection neuron development (Arlotta et al., 2008) .
The rapid induction of CTIP2 by activin raised the question of whether a continuous activin treatment from d9 is necessary for the generation of DARPP32 + neurons. We therefore exposed d9 hESCderived forebrain progenitors to 5, 11, 19 and 34 days of activin treatment. We found that all activin-treated cultures generated (B) H9-derived forebrain progenitors were treated with activin from day 9 to day 14, 20, 28 or 43. Cells were fixed at day 43 and immunostained for DARPP32 and CTIP2. P≤0.05, **P≤0.01, ***P≤0.001, two-way ANOVA followed by Bonferroni correction for multiple comparisons.
DARPP32
+ neurons, compared with none under the control condition. Cultures with 11 days (day 9-20) of exposure to activin produced a similar number of DARPP32 + neurons as those with longer (d9-28 and d9-43) activin treatment. However, cultures with 5 days of activin exposure produced only half the number of DARPP32 + cells (Fig. 4B) . Thus, activin treatment from d9-20 is sufficient for the production of DARPP32 + cells. Intriguingly, we observed a steady increase in the number of CTIP2 + neurons with increasing activin treatment time, suggesting that activin signalling might be required for the stable maintenance of a CTIP2 + phenotype.
Electrophysiological characterisation of activin-treated neurons
To examine the functional properties of these neurons, we conducted whole-cell electrophysiological recordings on cultures aged between d35 and d93 (n=60; Fig. 5A ). During recording, we filled some of the neurons with Alexa Fluor hydrazide (AF488h) for the purposes of post-hoc immunolabelling and morphological analysis (n=21; Fig. 5B ). After recording, the cells were fixed and stained for GAD65/67 and DARPP32 (Fig. 5C-F) . Of the 21 neurons that were successfully filled and recovered for immunolabelling, 16 (76%) were GAD67 + , whereas 13 (62%) were DARPP32 + (it is likely that, in some of these cases, GAD67 and/or DARPP32 was washed out as a result of the whole-cell recording configuration). All 13 DARPP32 + neurons co-expressed GAD65/67. Alexa Fluor labelling helped to visualise the spiny morphology, which cannot be seen via DARPP32 immunocytochemistry (Fig. 5G) .
First, we recorded the passive membrane properties of the neurons during differentiation (supplementary material Table S1 ). All cells exhibited a negative resting membrane potential (−44±1.7 mV, n=41). In addition, capacitance (23.7±1.54, n=58), series resistance (16±0.79 MΩ, n=58) and input resistance (760±123 MΩ, n=60) values all remained constant during maturation in culture (d35-93). We next examined the firing properties of the differentiated neurons. Interestingly, in response to the offset of a hyperpolarising current pulse, the neurons exhibited a delay in action potential firing (Fig. 4H) . This latency to fire is characteristic of MSNs (Nisenbaum et al., 1994; Klapstein et al., 2001) . Moreover, all neurons fired action potentials in response to a depolarising stimulus (n=42; Fig. 5I ).
Finally, we investigated whether these neurons form functional GABAergic synapses. We conducted recordings with chlorideloaded pipettes, which allowed us to resolve large GABAergic events as inward currents at −70 mV (see Materials and Methods). Miniature inhibitory postsynaptic currents (mIPSCs) were consistently observed in these neurons (n=7; Fig. 5J ). These events displayed an amplitude of 23.7±1.81 pA (n=7) and occurred with a frequency of 0.11±0.02 Hz (n=7). In all observed cases, mIPSCs were completely blocked upon application of the GABA A receptor antagonist picrotoxin (100 µM, n=4/4; Fig. 5J ).
Taken together, these data demonstrate that activin promotes the efficient generation of functional GABAergic neurons within this culture system.
Robust differentiation and survival of hESC-derived DARPP32
+ neurons following transplantation in a rat model of HD Cellular transplantation is a valuable tool for stringent evaluation of the fate commitment of PSC-derived neuronal phenotypes. We explored the capacity of activin-induced LGE-like progenitors for striatal neuron differentiation and integration in the brains of a rat model of HD. Activin-induced progenitors from H7 hESCs were disassociated into single-cell suspensions at d20 of in vitro differentiation and transplanted unilaterally into quinolinic acidlesioned adult rat striatum (Fig. 6A) . Apomorphine-induced rotations showed no overall improvement of the transplanted rats over the 16-week post-transplantation period (supplementary material Fig. S5 ). Groups of rats were sacrificed 4, 8 and 16 weeks after the engraftment of cells, and the grafted cells were identified by immunohistochemistry using an antibody specific for human nuclei (HuNu) (Fig. 6B) .
At 4 weeks post-transplantation, the majority of HuNu + transplanted cells were nestin + , indicating an immature neural phenotype (Fig. 6C) . However, nestin immunoreactivity within the graft was low at 8 weeks post-transplantation, and absent after 16 weeks. Reinforcing this finding, Ki67 + proliferative cells were present within the grafts at 4 weeks post-transplantation, rare in 8-week grafts and absent from 16-week grafts (with the exception of low-level host cell proliferation, which might hint at a non-neuronal response to the graft procedure) (Fig. 6D) . DARPP32 + cells were first detected in 8-week-old grafts, although in low numbers (Fig. 6E) . However, at 16 weeks post-transplantation a significant proportion of graft-derived cells exhibited high levels of DARPP32 immunostaining, constituting 49±5% of HuNu + graft cells (Fig. 6F,H) . HuNu + cells were found in 11 of 13 recipient rats analysed at 16 weeks, and all these 11 grafts contained DARPP32 + cells ( Fig. 6F ; data not shown). FoxP2 and calbindin are two further markers expressed by a subset of striatal projection neurons. We found that 43±11% and 35±8% of HuNu + cells co-expressed FoxP2 and calbindin, respectively, in 16-week grafts ( Fig. 6G-I ). The vast majority of grafted cells were GABA + (86 ±4.6%; Fig. 6H ,J). We could find both substance P + and DRD2 + cells, suggesting that both the direct and indirect subtypes of MSNs were present within the graft (Fig. 6K,L) .
We did not detect any HuNu + cells co-stained for TH (supplementary material Fig. S6A ). However, there were abundant TH + fibres surrounding HuNu + cells, suggesting that the grafts are innervated by the host dopaminergic neurons. Similarly, VGLUT1 + puncta were also abundant in the graft core (supplementary material Fig. S6B ). In order to detect potential neuronal process outgrowth to the host brain, we performed immunostaining for human-specific neural cell adhesion molecule (hNCAM; also known as NCAM1), which labels neuronal membrane. hNCAM and HuNu staining overlap in corresponding adjacent sections in the host striatum (supplementary material Fig. S6C ). However, more posterior in the globus pallidus (supplementary material Fig. S6D ) and in the midbrain (supplementary material Fig. S6E ), where HuNu staining is absent and 2400-2920 µm away from the HuNu, small tracts of hNCAM + fibres were detected. Future pathway-tracing studies will identify the extent to which these projections actually regrow following stem cell-derived grafting, as has been previously observed following embryonic striatal grafting (Nisenbaum et al., 1994; Klapstein et al., 2001) .
Overgrowth of grafted cells, either as neural or teratoma-like tissue, appears to be a common feature in previous reports of hPSCderived striatal GABAergic neural transplantation (Aubry et al., 2008; Ma et al., 2012; Carri et al., 2013) . By contrast, all the 16-week-old grafts in this study were of moderate size, free from proliferation and teratoma/neural overgrowth. Preliminary stereological measurements of the grafts (n=3) revealed average graft volumes of 1.47, 0.78 and 10.66 mm 3 at 4, 8 and 16 weeks, respectively. The number of donor-derived cells per graft at 16 weeks ranged from 2613 to 513,741 cells, with the largest graft comprising 128% of the 400,000 cells transplanted.
DISCUSSION
Derivation of striatal GABAergic neurons from hESCs and hiPSCs presents a powerful platform for understanding human striatal development and a potential alternative cell source for transplantation-based therapy. Moreover, patient iPSCs or hESCs engineered to carry the mutant HTT gene with varying CAG repeat lengths create opportunities to understand the pathological cascades that underlie HD and to develop new drugs for this currently incurable neurological disease. However, the HD iPSC models have yet to address the preferential vulnerability of MSNs to the mutant HTT protein due to the relatively low proportion (5%) of DARPP32 + neurons generated using previous Shh-based protocols (The HD iPSC Consortium, 2012) . Here we report a novel activity of activin A in the specification of lateral forebrain tissues leading to the reliable generation of DARPP32 + GABAergic neurons. We anticipate that this paradigm can provide a powerful platform for investigations into the specific neurotoxicity of the mutant HTT to striatal MSNs and for developing improved cell-based therapies for HD.
Activin promotes an LGE phenotype
The most pronounced activity of activin in our system was a dramatic and rapid induction of CTIP2, a transcription factor expressed in all developing striatal projection neurons (Arlotta et al., 2008) . In a recent study, CTIP2 was reported as the only transcription factor tested that was able to directly reprogram dermal fibroblasts into DARPP32 + neurons, suggesting that it is a potential patterning target of the activin/Smad pathway (Victor et al., 2014) . Activin administration also induced the upregulation of other LGE gene markers such as NOLZ1, which marks cells leaving the cell cycle in the mantle zone (Chang et al., 2004; Urbán et al., 2010) , and FOXP2, which marks cells destined for the striosomes (Takahashi et al., 2003) . By contrast, activin had little effect on MGE gene markers such as NKX2.1 and LHX8.
The activin-induced gene expression changes are distinct from those induced by Shh, which is the key molecule employed by published striatal differentiation protocols (Aubry et al., 2008; Ma et al., 2012; Nicoleau et al., 2013) . These studies and the current work show that Shh elicited a strong inductive effect on MGE regulator genes, such as NKX2.1, and gene markers expressed in both the MGE and LGE (e.g. DLX2 and GSX2) in a dose-dependent manner (Sussel et al., 1999; Grigoriou et al., 1998; Flandin et al., 2011) . However, little change was observed in the LGE-specific gene expression in response to Shh. Shh is a ventralising morphogen through most of the neural axis (Hébert and Fishell, 2008) . In the forebrain, one mechanism by which Shh patterns the subpallium involves antagonising the dorsal signal Gli3 (Rallu et al., 2002) . Because the low endogenous levels of SHH signalling are insufficient to trigger ventral gene expression, hESCs have a tendency to acquire a cortical fate by default during differentiation (Li et al., 2009; Espuny-Camacho et al., 2013) . Therefore, it would be reasonable to suggest that the main role for Shh in the published striatal differentiation protocols is to suppress dorsal fate rather than to 'direct' a striatal fate.
By contrast, activin is likely to act directly to bias the differentiation fate choice of FOXG1 + forebrain neural progenitors towards an LGE/striatal identity. In addition to the preferential upregulation of LGE-specific or enriched gene markers, EdU incorporation experiments indicate that the activin-induced increase of GSX2 + cells was not due to preferential proliferation of this progenitor population. Rather, the number of EdU + cells within the GSX2 + population was reduced in activin-treated cultures compared with controls. This finding is consistent with our previous report that activin treatment reduces the number of cycling forebrain neural progenitors derived from mouse ESCs (Cambray et al., 2012) , suggesting a general effect of activin on cell cycle regulation.
Consistent with the lack of NKX2.1 + progenitors, neurons expressing parvalbumin, somatostatin and choline acetyltransferase (ChAT) were rarely found, providing further evidence that the activin-based differentiation paradigm does not favour MGE fate specification (Miyoshi et al., 2007; Furusho et al., 2006; Goulburn et al., 2012) . We showed previously that, when added at a lower concentration and from day 19 of in vitro differentiation, activin can induce a CGE neural progenitor identity in hESC-derived forebrain neural progenitors, which subsequently give rise to CR + interneurons. CR + cells are also observed in the current study in cultures with a higher dose of activin. Interestingly, the temporal timing of activin treatment affects the relative proportion of DARPP32 + and CR + neurons. Early (d9) progenitors are potent in generating striatal MSNs, whereas the late progenitors predominantly give rise to CR + neurons. This finding is consistent with our past observations that PSC-derived neural progenitors appear to experience a rostral-to-caudal identity shift as in vitro differentiation proceeds.
Differentiation and survival of DARPP32
+ neurons from activin-induced LGE progenitors following transplantation PSC-derived neurons in culture are generally immature with regards to electrophysiological properties. This might be due to a lack of maturation stimuli in the environment, including their normal target cell types with which they make synaptic connections. The relatively immature nature of PSC derivatives means that the validation of cellular phenotypes often largely relies on gene marker expression determined by RT-PCR and immunocytochemistry. Cellular transplantation has increasingly been adopted as an additional tool to more fully evaluate the characteristics of defined neuronal subtypes, including the authenticity and functional capacity of hPSC-derived neurons (Espuny-Camacho et al., 2013; Nicholas et al., 2013) . Furthermore, for preclinical validation of the potential of these cells it is imperative that they be investigated in animal models of the disease. In this instance the most widely used model of HD, namely the QA lesion rat model, was utilised. Not only does this allow us to look at the maturation of the cells in vivo but also provides invaluable information about their propensity to form the appropriate connections required if these cells were to be used for cell replacement therapy strategies. Thus far, we have performed a number of transplants with the activin-induced LGElike neural progenitors and consistently observed a high proportion of human neurons in grafts derived from activin-induced neural progenitors. Nearly 50% of the graft-derived cells express DARPP32 at 16 weeks post-grafting, as well as other mature MSN molecular markers such as FOXP2 and calbindin, suggesting faithful striatal fate maintenance in the host brains. We also observed some hNCAM-stained neuronal processes extending out from the graft core in an organised fashion (Fig. 6 ). The location of these graft projections appears to be consistent with the striatopallido-nigral bundle, where normal MSNs project to the external globus pallidus and to the substantia nigra. However, future studies are required to investigate the extent to which the grafted human neurons can connect to appropriate host brain regions, using techniques such as retrograde labelling and electrophysiological recordings.
Transplantation of hPSC-derived striatal neurons might be developed as a future therapy for HD. To date, a small number of published protocols have reported the differentiation of MSN-like cells in vitro and post-transplantation in the rodent brain (Aubry et al., 2008; Ma et al., 2012; Carri et al., 2013) . However, evidence is still limited as to the capacity of these cells to integrate into the host neural circuitry and receive dopaminergic inputs from the midbrain and glutamatergic inputs from the cortex while projecting fibres to the substantia nigra. Despite a relatively high content of DARPP32 + cells in our grafts, the recipient animals did not show a difference in apomorphine-induced rotations compared with the pre-grafting baseline. This is intriguing, because we observed a hint of functional recovery in the Carri study (Carri et al., 2013) despite significantly lower numbers of DARPP32 + cells (the number of animals was too small to suggest a significant behavioural effect). Activin-treated cell-derived grafts were generally low in mass compared with those reported in the Ma and Carri studies (Ma et al., 2012; Carri et al., 2013) , which might impact on the behavioural analysis. Furthermore, it should be noted that there is no evidence as yet from animal studies that primary human fetal cells can produce a functional effect in such tests as drug-induced rotations or other motor tests (e.g. staircase or rotomotor). Therefore, there are no baseline data against which one can compare the effectiveness of these cells, other than that achieved in allograft experiments of rodent tissues. For the future development of these studies it is important that we identify behavioural tests that will accurately reflect the effect that these cells might have upon integration into the rodent brain.
It is worth noting that the fetal striatal transplantation that led to a positive behavioural effect was achieved with the whole GE, which contains MGE progenitors that give rise to GABAergic interneurons. Therefore, the behavioural recovery reported by Ma et al. (2012) and the hint of improved rotation we observed in Carri et al. (2013) might be attributed, at least in part, to the presence of interneurons induced by Shh.
We observed a substantial delay in DARPP32 expression in the graft compared with sister cultures in vitro. This might be attributed to the different niche that the cells are exposed to in culture versus in the host brains. In culture, continued exposure to activin would promote GABAergic maturation due to its reported pro-differentiation activity (Cambray et al., 2012) . The neurotrophic factors (BDNF, GDNF) that are added to the cultures might not be experienced by transplanted cells in the host brain. At the time of transplantation, cultures were a mixture of dividing neural progenitors and immature postmitotic neurons. Previous dopaminergic transplantation studies demonstrated that postmitotic neurons do not survive as well as progenitor cells. Therefore, it is possible that young neurons died during and/or soon after transplantation and those DARPP32 + neurons found in the graft are mostly generated from the surviving progenitors. Lastly, in vitro, cells were cultured as monolayer with frequent changes of medium and hence might be exposed to lower levels of paracrine proliferative signals than grafted cells in the host striatum.
In conclusion, we demonstrate here that activin signalling is able to promote the differentiation of MSNs in vitro, which, upon transplantation into the HD rodent brain, can survive and further differentiate into mature MSNs without any evidence of overgrowth or tumour formation. We can infer a similar role in the developing embryo and this is reinforced by evidence of SMAD2 signalling in the developing basal ganglia. We also present a novel method for producing MSNs in vitro that might prove useful for further work on this cell type, including drug screening and cell replacement regimes.
MATERIALS AND METHODS
Cell culture
hESCs (lines H1, H7) and hiPSCs (lines 2F8, 4FH) were maintained, for the majority of this study, on feeder cells in knockout DMEM supplemented with 24% knockout serum replacement (KSR; Life Technologies) and 8 ng/ml bFGF (FGF2; PeproTech). Some experiments, and all experiments on H9 cells, were performed using hPSCs maintained under our current routine: feeder-free in TeSRTM1 (Stemcell Technologies). All lines were passaged via manual dissociation using 0.02% EDTA pH 7.2. For differentiation, hPSCs were preplated on gelatin for 45 min to remove feeder cells and then plated on Matrigel in feeder conditioned media. Feeder-free cultured hPSCs were plated directly on Matrigel in TeSRTM1. When cells reached >80% confluence in feeder conditioned media or mTeSRTM1, differentiation was then initiated by switching to DMEM-F12/Neurobasal media (2:1) supplemented with N2 (Life Technologies) and retinol-free B27 (Life Technologies) (together referred to as N2B27).
For the first 10 days, cultures were supplemented with SB431542 (10 µM; Tocris), LDN-193189 (100 nM; StemGene) and dorsomorphin (200 nM; Tocris). Some initial experiments were performed with noggin (100 ng/ml; R&D) instead of LDN. Where indicated, Shh (200 ng/ml; recombinant human, C24II-N, R&D) or cyclopamine (2 µM; Sigma) was added to the cultures. Splitting was performed en bloc using EDTA either once onto poly-D-lysine/laminin or twice (H7 cells) onto fibronectin and then poly-D-lysine/laminin. Cells remained in basal N2B27 or were supplemented with activin A (25 ng/ml; R&D) from day 9. BDNF, GDNF (10 ng/ml each; Peprotech) were added from day 28 to aid neuronal maturation and survival.
For the proliferation assay, EdU was added to the culture medium for 1 h and then visualised as per the manufacturer's instructions (Life Technologies). Normal B27 was used from day 20 onwards.
Immunocytochemistry
Antibody staining was performed as described (Cambray et al., 2012) . Further information, including details of the antibodies used, is provided in the supplementary Materials and Methods.
Quantitative PCR (qPCR)
Marker expression was assessed by qPCR as described in the supplementary Materials and Methods and Table S2 .
Electrophysiology
H7 hESCs were differentiated following the scheme illustrated in Fig. 3A , but with the maintenance extended for up to 93 days. Whole-cell electrophysiological recordings were performed and analysed as detailed in the supplementary Materials and Methods.
Transplantation
Transplantation surgeries were performed as reported previously (Kelly et al., 2007 (Kelly et al., , 2011 and are described in detail in the supplementary Materials and Methods. All animal experiments were performed in full compliance with the UK Animals (Scientific Procedures) Act 1986 and approved by local ethical review.
Statistics
SPSS software (IBM) was used for statistical analysis. Comparison of mean values was conducted with paired and/or unpaired Student's t-test, one-way ANOVA, two-way ANOVA or repeat measures of general linear model (GLM) analysis. In all analyses, data were obtained from culture experiments comprising at least three biological replica cultures. Data are expressed as mean±s.e.m. and differences were considered statistically significant at P<0.05.
Supplementary Materials and Methods
Immunocytochemistry
Cells and brain sections were rinsed in PBS and fixed in 3.7% PFA for 15 min. were taken on a Leica TCS SP5 confocal microscope. Quantification of markers was carried out manually by examining randomly selected fields from at least three independent experiments and presented as mean ± sem. Statistical significance was determined using two-tailed Student's t-test.
Quantitative PCR
Total RNA was extracted using TRI Reagent (Sigma) according to the manufacturer's instructions. Reverse transcription was performed using SS RTIII (Invitrogen). qPCR was carried out using SYBR MESA Green and a Chromo4 machine (BioRad). All data are relative to three reference genes (GAPDH, b-ACTIN, CYCLOPHILIN) and normalised to the basal conditions. The sequence information for all PCR primers can be found in Table S2 . All qPCR data are presented as mean ± s.e.m. of biological duplicates or triplicates.
Development | Supplementary Material
Electrophysiology H7 hESCs were differentiated following the scheme illustrated in Fig. 3A but the maintenance was extended for up to 93 days. On the day of recording, neurons were placed on a recording chamber and viewed using an Olympus BX51WI microscope with a 40x water immersion lens and DIC (differential interference contrast) optics.
Cells were bathed in a solution containing (in mM): 140 NaCl, 3.5 KCl, 1.25 NaH2PO4, 2 CaCl2, 1 MgCl2, 10 glucose, and 10 HEPES. For whole-cell electrophysiological recordings, low resistance recording pipettes (10-15 MΩ) were mm lateral (L) of bregma, and -5.0/-4.5 mm below dura, as described previously (Kelly et al., 2007) . Rats received unilateral transplants of activin-treated H7 hESCderived neural progenitors harvested at day 20. 4x10 5 cells were injected in a final volume of 2 l into the lesioned striatum at stereotaxic coordinates, from bregma:
+0.8 mm A, -2.8 mm L and -5.0/-4.5 mm below dura. Transplanted adult rats received immunosuppression in the form of daily cyclosporin A (CsA, Sandimmun,
